Here we report the solution structure of glycine-extended gastrin 17, determined by NMR spectroscopy. The spectral changes observed upon the addition of ferric ions revealed that Glu 7 acted as a ligand at the first ferric binding site, and that Glu 8 and Glu 9 acted as ligands at the second ferric ion binding site. Fluorescence quenching experiments confirmed that a GglyE7A mutant bound only one ferric ion. The inability of this mutant to stimulate proliferation or migration in the IMGE-5 cell line and the observation that the iron chelator desferrioxamine selectively blocked the effects of glycine-extended gastrin 17 indicated that binding of a ferric ion to Glu 7 was essential for biological activity. This is the first report of an essential role for a metal ion in the action of a hormone.
Metal ions are critically important in many biological processes (1) . For example, the redox properties of iron are utilized in mitochondrial oxidation, calcium is a necessary stabilizing element for numerous proteins, and zinc plays an essential catalytic role in many enzyme reactions. Binding of zinc is also important in storage of insulin in pancreatic granules (2) , but the possible involvement of metal ions in the biological activity of other hormones is a neglected area. The gastrointestinal peptide hormone gastrin bound three calcium or magnesium ions with affinities in the micromolar range in trifluoroethanol, as detected by spectrophotometry and circular dichroism (3) (4) (5) (6) . In contrast, in aqueous solution high affinity binding of divalent metal ions to gastrin was not detected by NMR spectroscopy (7) . However, we recently demonstrated by fluorescence quenching that gastrin binds two trivalent ferric ions with high affinity in aqueous solution (8) .
Although amidated gastrin (Gamide) 1 was first characterized as a stimulant of gastric acid secretion (9) , it is also involved in several other biological processes. Gamide acts as a growth factor for the gastrointestinal tract in vitro and in vivo and may accelerate the development of cancers of the stomach, pancreas, and colon (10) . The structurally related hormone cholecystokinin (CCK) stimulates secretion from the pancreas (11) . To date, only two high affinity receptors (CCK-1 and CCK-2) for peptides of the gastrin/CCK family have been fully characterized, and both belong to the family of seven-transmembrane receptors (12, 13). The effects of Gamide are mediated through the CCK-2 receptor (14) .
Until recently, amidation of the C terminus of gastrin was thought to be essential for biological activity (9) . However, several groups have reported that the gastrin precursor progastrin, and nonamidated progastrin-derived peptides such as glycine-extended gastrin 17 (Ggly) (see Fig. 1 ), were able to induce the proliferation of various cell lines (15) (16) (17) . Furthermore, Ggly has been shown to stimulate invasion by the colon cancer cell line LoVo (18) and migration of the gastric epithelial cell line IMGE-5 (19) . Ggly also stimulated proliferation in the colonic mucosa of transgenic mice (20) and in the rectal mucosa of rats after colostomy (21) , and accelerated carcinogenesis in intact rats treated with the carcinogen azoxymethane (21) . Despite the apparent biological importance of Ggly, neither the Ggly residues required for biological activity nor the primary structure of the Ggly receptor is known.
The aims of this work were to identify the amino acids in the Ggly sequence important for ferric ion binding and to elucidate the role of this interaction in biological activity. The structure of Ggly in solution was determined by NMR spectroscopy. The metal ion ligands were then identified by observing the fluorescence and NMR spectral changes following the addition of one or two equivalents of ferric ions to solutions of Ggly or Ggly mutants with substitutions of one or more of the amino acids involved in ferric ion binding. The abilities of Ggly and different Ggly fragments or Ggly mutants (see Fig. 1 ) to stimulate proliferation and migration of the gastric epithelial cell line IMGE-5 were then compared. We report that Glu 7 is critical for binding the first ferric ion and that Glu 8 and Glu 9 are involved in binding the second ferric ion. Moreover, the complete lack of activity in both assays of a Ggly mutant in which Glu 7 was replaced by Ala (GglyE7A) and the inhibition of Ggly activity by the iron chelator desferrioxamine (DFO) are consistent with the hypothesis that ferric ion binding is essential for biological activity.
EXPERIMENTAL PROCEDURES
Chemicals and Cell Lines-Ggly and Ggly mutants were synthesized by Auspep (Melbourne, Australia). Ggly fragments were synthesized by Chiron Mimotopes (Clayton, Australia). Peptide concentrations were calculated from their absorbance at 280 nm as described previously (8) .
The IMGE-5 cell line was established from the gastric mucosa of mice transgenic for a temperature-sensitive mutant of the SV40 large T antigen as described previously (22) . IMGE-5 cells were generally grown at 33°C in Dulbecco's modified Eagle's medium containing 1 unit/ml ␥-interferon and 10% FBS (permissive conditions). For all of the experiments, the cells were transferred to 39°C in the same medium without ␥-interferon or FBS (nonpermissive conditions), where they display differentiated characteristics such as expression of functional adherens and tight junctions. All of the experiments were performed on cells between passages 20 and 35.
NMR Spectroscopy-Ggly (1.6 mM) was dissolved in 10% Me 2 SO, 10% 2 H 2 O, 80% H 2 O, and the pH was adjusted to pH 5.3 with NaO 2 H or 2 HCl. This pH was chosen as a compromise to minimize the precipitation of gastrin that occurs at lower pH (23) and the precipitation of ferric hydroxides at higher pH. NMR spectra were recorded at 278 K on Bruker DRX-600 and AMX-500 instruments as described previously (24) . 1 H chemical shifts were referenced to 2,2-dimethyl-2-silapenthane-5-sulfonate at 0 ppm via the chemical shift of the H 2 O resonance (25) or an impurity at 0.15 ppm. Sequence-specific 1 H NMR resonance assignments for the trans-conformation of Ggly were made from two-dimensional nuclear Overhauser enhancement spectroscopy and total correlation spectroscopy (24, 26) . Structural constraints were then determined, and the structures were calculated from upper bound distance constraints and backbone dihedral angle constraints based on spin-spin coupling constants. The structures were initially calculated using DYANA, refined by stimulated annealing in X-PLOR, and finally energy-minimized in X-PLOR with the CHARMM force field (26) . The structures were analyzed using MOLMOL (version 2.1.0) (27) , and the structural figures were generated using Insight II and MOLMOL.
Fluorescence Spectroscopy-The tryptophan fluorescence of peptide solutions was measured in 3-ml quartz cuvettes thermostatted at 25°C, with a Spex Fluorolog-2 spectrofluorimeter (Spex Industries, Edison, NJ), with the excitation and emission wavelengths set at 290 and 345 nm, respectively (8) . The quenching of tryptophan fluorescence induced by the binding of metal ions was used to calculate the fraction of binding sites occupied, f a .
where y is the fluorescence signal at a given concentration of metal ions and y b and y f are the signals when the binding sites are fully occupied and unoccupied, respectively (28) . The stoichiometry, p, and apparent dissociation constant, K d , were then obtained, using the program Sigmastat (Jandel Scientific, San Rafael, CA), from the intercept and slope of a linear regression of the data transformed as described by Winzor and Sawyer (28) in terms of the following equation.
where C s is the total concentration of metal ions and C a is the total concentration of glycine-extended gastrin 17. Proliferation Experiments-Cell proliferation was measured by colorimetric assay (16) . IMGE-5 cells (10 4 /well) were seeded in a 96-well plate in Dulbecco's modified Eagle's medium containing 10% FBS, 1 unit/ml ␥-interferon, 200 IU/ml penicillin, and 200 mg/ml streptomycin for 24 h at 33°C. The following day, the cells were synchronized in G o by incubation at 39°C for 24 h in medium lacking FBS and ␥-interferon but still containing antibiotics. The medium was then replaced with fresh medium containing 1% FBS only with or without test compounds, and incubation was continued for 72 h. MTT was added (10 l of 5 mg/ml/well), and the cells were incubated for 4 h at 39°C before the medium was removed. 200 l of 40 mM HCl in isopropanol was added to lyse the cells, and the absorbance at 570 nm was read on a Bio-Rad model 550 Microplate reader.
In some cases cell proliferation was also measured by [ 3 H]thymidine incorporation as described previously (29) . Briefly, IMGE-5 cells (10 5 / well) were seeded in 24-well plates in medium containing 10% FBS and 1 unit/ml ␥-interferon. On the next day the cells were serum-starved and shifted to 39°C for 24 h. The cells were then incubated with or without various compounds at 39°C for 17 h in medium supplemented with 1% FBS and 0.2% bovine serum albumin. The cells were incubated with 0.5 Ci of [ 3 H]thymidine in the same medium at 39°C for 4 h, washed twice with phosphate-buffered saline (2.7 mM KCl, 142 mM NaCl, 1.5 mM KH 2 PO 4 , 10 mM Na 2 HPO 4 , pH 6.95) containing 0.2% bovine serum albumin and incubated at 4°C for 30 min with 5% trichloroacetic acid. Finally the cells were washed with 95% ethanol to remove unincorporated [ 3 H]thymidine and lysed with 1 M NaOH. The lysates were transferred to counting vials and neutralized with 1 M HCl. The radioactivity of each lysate was counted in a ␤-counter after the addition of 10 ml of Pico-fluor 40 solution (Packard, Meriden, CT).
Migration Experiments-To assess the effects of Ggly fragments and mutants on cell migration, wound healing experiments were performed as detailed elsewhere (19) . In brief, IMGE-5 cells were grown in 12-well plates in Dulbecco's modified Eagle's medium at 33°C until they reached 80% confluence, then shifted to 39°C, and serum-starved for 24 h. The confluent monolayer was wounded using a 20-l pipette tip, and the cells were then washed three times with phosphate-buffered saline and treated with or without different compounds in Dulbecco's modified Eagle's medium containing 0.1% FBS. Morphology and migration of cells were observed and photographed immediately and after treatment for 17 and 24 h. Wound width was measured at six different positions on the 24-h photographs, and the averages were calculated.
Statistics-The results are expressed as the means Ϯ S.E. The data were analyzed by one-way analysis of variance. If there was a statistically significant difference in the data set, individual values were compared with the control, or in the case of DFO, with the appropriate value without DFO, by Bonferroni's t test. Differences with p values of Ͻ0.05 were considered significant.
RESULTS
Structure of Ggly-The structure of Ggly in aqueous solution was determined by 1 H NMR spectroscopy. The presence of a proline at the third position in the Ggly sequence ( Fig. 1 ) allowed the peptide to adopt two conformations, cis and trans, about the Gly 2 -Pro 3 peptide bond, as observed previously with
Structures of glycine-extended gastrin 17 and related peptides. The structures of N-and C-terminally truncated peptides and of alanine-substituted peptides derived from glycine-extended gastrin 17 (Ggly) are shown. Amino acids are shown in the one-letter code, and Z represents a pyroglutamate residue. The Glu 5 sequence is highlighted in bold type. In Ggly mutants alanine residues, which replaced some or all of the original glutamate residues, are underlined. Glycineextended gastrin 17 corresponds to residues 55-72 of mature progastrin . Gamide (7). Sequence-specific 1 H NMR resonance assignments for the major (70%) trans-isomer of Ggly were made from twodimensional nuclear Overhauser enhancement spectroscopy (NOE) and total correlation spectroscopy spectra. The chemical shifts have been deposited in BioMagResBank (www.bmrb. wisc.edu) under accession number BMRB 5384.
The structures were calculated for Ggly as described under "Experimental Procedures." 324 upperbound distance constraints were inferred from NOEs, which were made up of 35 intraresidue, 149 sequential, 96 medium range (1 Ͻ i Ϫ j Յ 4), and 43 long range NOEs. In addition, 13 backbone dihedral angle constraints based on spin-spin coupling constants were included; no 1 side chain constraints for stereospecifically assigned, nondegenerate, geminal C␤ H resonances were employed. A summary of geometric and energetic parameters for these structures is given in Table I . Analysis of the backbone angular order parameters (S) (Fig. 2 ) of the final 20 structures of Ggly (Fig. 3 ) indicated that residues 3-7 and 11-18 were well defined, with S Ͼ 0.9 for both and ⌿ angles. The root mean standard deviation (RMSD) from the mean structure confirmed that most of the structure was well defined, except for the Glu 5 sequence and for residues near the N terminus.
The overall conformation of the major (70%) trans-isomer of Ggly was an amphipathic disc-like structure with hydrophobic and hydrophilic faces (Fig. 4) . Hydrophobic interactions involving residues Leu 5 , Tyr 12 , Trp 14 , and Phe 17 stabilized a well defined loop with no recognized secondary structural elements, apart from a ␤-turn near the N terminus.
Definition of Ferric Ion Ligands-We have reported previously that Ggly bound two ferric ions in aqueous solution at pH 4.0, with an apparent K d of 0.6 M (8). Investigation of the quenching of tryptophan fluorescence of Ggly fragments by ferric ions indicated that the Glu 5 sequence was essential for metal ion binding (8) . To define the ligands involved in ferric ion binding, we next investigated the effect of ferric ions on the Ggly NMR spectrum (Fig. 5) . Because Fe(III) is paramagnetic the resonances of any nuclei in close proximity to the metal ion will either be broadened or shifted dramatically. The addition of one equivalent of ferric ions broadened the Glu 7 resonances beyond detection and caused slight changes in the Glu 8 , Glu 9 , and Glu 10 resonances, without significantly affecting other resonances (Fig. 5B) . Similarly, addition of a second equivalent of ferric ions specifically broadened the Glu 8 and Glu 9 resonances beyond detection (Fig. 5C ). These results suggested that Glu ferric ion binding site, and that Glu 6 and Glu 10 were not directly involved in ferric ion binding.
To test the hypothesis that Glu 7 was a ligand in the first metal ion-binding site, we examined the ability of ferric ions to quench the fluorescence of mutant Ggly peptides in which some or all of the glutamates had been replaced by alanines. Although the replacement of Glu 6 with Ala had little if any effect on the stoichiometry or affinity of ferric ion binding, replacement of Glu 7 with Ala reduced the stoichiometry by 1 without greatly changing the apparent affinity (Fig. 6 , A and C, and Table II ). The importance of Glu 8 and Glu 9 in binding the second ferric ion was confirmed by the similar reduction in stoichiometry observed with a peptide in which Glu 8 , Glu 9 , and Glu 10 had all been replaced by alanines (Fig. 6 , B and D, and Table II ). The single point mutations GglyE6A and GglyE7A did not change the structure of the peptide as assessed by two-dimensional NOE spectroscopy. Poor solubility prevented assessment of the structures of the GglyE8 -10A and GglyE6 -10A peptides by NMR.
Role of Glutamates in Biological Activity-To identify the biologically important regions of the Ggly sequence, four Ggly fragments (Ggly1-4, Ggly1-11, Ggly12-18, and Ggly5-18; see Fig. 1 for amino acid sequences) were tested for biological activity. Both Ggly1-4 and Ggly12-18 lack the Glu 5 sequence, and neither stimulated proliferation in MTT (Fig. 7A ) or thymidine assays (data not shown), or migration in a wound healing assay (Fig. 7B) in the gastric epithelial cell line IMGE-5. In contrast, Ggly1-11, which contained the Glu 5 sequence but not the C-terminal heptapeptide of Ggly, increased proliferation but to a significantly lesser extent than Ggly (p Ͻ 0.05). Ggly5-18, which contained both the Glu 5 sequence and the C-terminal heptapeptide, stimulated IMGE-5 proliferation and migration to the same extent as Ggly. These results showed that the Glu 5 sequence was necessary but not sufficient for full biological activity of Ggly-like peptides and that some or all of the Cterminal heptapeptide was also required.
We then investigated the role of the individual glutamates in biological activity. The effects of four Ggly mutants in which some or all of the glutamates were replaced by alanine ( Fig. 1  for sequences) on IMGE-5 cell proliferation as assessed by MTT (Fig. 8A ) and thymidine assays (data not shown), and migration as assessed in a wound healing assay (Fig. 8B) , were compared. A range of concentrations from 1 pM to 1 M was tested for each peptide, but because the potency of the active peptides was identical (data not shown), the results are only presented for each peptide at a concentration of 1 nM. The observation that GglyE7A and GglyE6 -10A were inactive indicated that Glu 7 played a critical role in Ggly-stimulated IMGE-5 cell proliferation and migration. In contrast, GglyE6A stimulated cell proliferation and migration to the same extent as Ggly, and GglyE8 -10A was also active in proliferation assays, although less so than Ggly (p Ͻ 0.05). In contrast, Glu 6 , Glu 8 , Glu 9 , and Glu 10 were not essential for activity, although substitution of one or more of Glu 8 , Glu 9 , and Glu 10 reduced activity by ϳ50%. As shown above, the NMR and fluorescence data indicate that Glu 7 is critical for binding the first ferric ion and that Glu 8 and Glu 9 are involved in binding the second ferric ion. Thus, the complete lack of activity of the GglyE7A mutant in both assays suggests models in which either ferric ion binding is essential for biological activity or Glu 7 is directly involved in receptor binding.
To distinguish between the ferric ion binding and receptor binding models described in the previous paragraph, we next investigated the effect of the iron chelator DFO on the biological activity of gastrins. DFO completely blocked Ggly-stimulated IMGE-5 cell proliferation in MTT (Fig. 9A ) and thymidine assays (data not shown), and migration in a wound healing assay (Fig. 9B) , at a concentration that had no effect on basal proliferation (32) . In contrast, DFO reduced Gamide-stimulated IMGE-5 cell proliferation by only 60% (p Ͻ 0.05 versus FIG. 6 . Glu 7 acts as a metal ion ligand. The quenching by ferric ions of the tryptophan fluorescence of Ggly-derived peptides with single (A) or multiple (B) alanine substitutions was measured as described under "Experimental Procedures." E, Ggly; , GglyE6A; OE, GglyE7A; q, GglyE6 -10A; f, GglyE8 -10A. The buffer was 10 mM sodium acetate, pH 4.0, containing 100 mM NaCl and 0.005% Tween 20. The values of the stoichiometry and the apparent dissociation constant were obtained from the intercept and slope, respectively, of linear transformations of the data for peptides with single (C) and multiple (D) alanine substitutions by least squares fitting with the program Sigmastat. The values of at least four independent experiments were combined to obtain the mean values presented in Table II . In all cases substitution of the glutamate at position 7 of Ggly resulted in a reduction of one in the number of bound ferric ions.
TABLE II Stoichiometry and affinity of metal ion binding by glycine-extended gastrin17 and related peptides
The tryptophan fluorescence of glycine-extended gastrin 17 and related peptides was measured in the presence of increasing concentrations of ferric ions at pH 4.0 (8) . The values of the stoichiometry and the apparent dissociation constant (K d ) were obtained from linear transformations of the data presented in Fig. 6 (C and D) by least squares fitting. The values from the indicated number of independent experiments were combined to obtain the mean values Ϯ S.E. presented above. No binding of ferric ions to Ggly1-4 or Ggly12-18 was observed. Gamide only). We conclude that binding of ferric ions to Glu 7 is essential for the biological activity of Ggly and may also contribute to the biological activity of Gamide. DISCUSSION We have previously demonstrated that Ggly binds two ferric ions selectively and with high affinity (8) . The aims of the work presented here were first to locate the ferric ion binding sites within the Ggly sequence by NMR spectroscopy and second to determine the role of ferric ion binding in the biological effects of Ggly. The results presented in this paper demonstrate for the first time the crucial importance of the binding of ferric ions to the Glu 5 sequence, and in particular to Glu 7 , for the biological activity of Ggly.
The NMR studies showed that the 18-residue peptide Ggly has a well defined structure in aqueous solution. As reported previously for Gamide (7), there were two sets of some resonances because of cis-trans isomerization around the Gly 2 to Pro 3 peptide bond. This effect was particularly obvious for the protons of Gly 2 and for the N-terminal pyroglutamate residue. The ratio of the cis-and trans-isomers was 3:7. In both isomers the backbone of the peptide forms a loop (Fig. 4) , which is stabilized by hydrophobic interactions involving Leu 5 , Tyr 12 , Trp 14 , and Phe 17 . The changes observed in the two dimensional 1 H NMR spectrum of Ggly after the addition of 1 or 2 equivalents of ferric ions (Fig. 5) confirmed that two ferric ions were able to bind specifically to the Glu 5 sequence. The first equivalent of ferric ions broadened beyond detection the Glu 7 resonances, whereas the second equivalent broadened beyond detection the Glu 8 and Glu 9 resonances. The binding appeared to be specific because the peaks from the other residues in the spectrum were unaffected, except for small shifts in those residues close to the Glu 5 sequence in the structure (data not shown). The conclusions from the NMR experiments were in agreement with our previous study of the quenching of tryptophan fluorescence of Ggly fragments by ferric ions (8) , in which the loss of metal ion binding in peptides lacking the Glu 5 sequence indicated that one or more of the glutamates was essential for metal ion binding. Furthermore, the Ggly binding sites seemed to be specific for ferric ions, because Co 2ϩ , Cr 3ϩ , Cu 2ϩ , and Mn 2ϩ ions did not quench Ggly fluorescence (8) and because the addition of 20 equivalents of Al 3ϩ ions did not cause a significant shift in any NMR signals (data not shown). These observations were also consistent with our previous inability to detect high affinity binding of Ca 2ϩ or Co 2ϩ ions to Gamide by NMR spectroscopy (7).
FIG. 8. Glu
7 is essential for Ggly-induced biological activity. The effect of Ggly mutants (1 nM, Auspep, Melbourne, Australia) on proliferation (A) or migration (B) of IMGE-5 cells was measured by MTT and wound healing assays, respectively, as described under "Experimental Procedures." The data are the means Ϯ S.E. from at least three independent experiments. Statistical significance relative to the control (*, p Ͻ 0.05; **, p Ͻ 0.01) was assessed by one-way analysis of variance, followed by Bonferroni's t test. In all cases substitution of Glu 7 resulted in loss of activity. A similar critical role for Glu 7 was also noted in [ 3 H]thymidine proliferation assays (data not shown).
FIG. 9.
Ferric ions are essential for Ggly-induced biological activity. The effect of the iron chelator DFO (1 M) on IMGE-5 cell proliferation induced by Ggly or Gamide (A) or migration induced by Ggly (B) was measured by MTT and wound healing assays, respectively, as described under "Experimental Procedures." The data are the means Ϯ S.E. from at least three independent experiments. Statistical significance relative to the control (*, p Ͻ 0.05; **, p Ͻ 0.01) or to the appropriate value without DFO ( ## , p Ͻ 0.01) was assessed by one-way analysis of variance, followed by Bonferroni's t test. Treatment with DFO completely blocked Ggly-stimulated proliferation but inhibited Gamide-stimulated proliferation by only 60%. Because Gamide did not stimulate IMGE-5 cell migration (19) , the effect of DFO on this parameter could not be assessed.
The identification by NMR spectroscopy of Glu 7 as a first site ferric ion ligand and Glu 8 and Glu 9 as ligands in the second ferric ion binding site was confirmed by investigation of fluorescence quenching when ferric ions were added to mutant Ggly peptides in which some or all of the glutamates had been replaced by alanines (Fig. 6) . Replacement of Glu 7 with Ala reduced the stoichiometry of ferric ion binding from the value of 2 observed with Ggly to 1, without changing the apparent affinity (Table II) . In contrast, replacement of Glu 6 with Ala had little if any effect on the stoichiometry or affinity. The importance of glutamates 8 and 9 in binding the second ferric ion was confirmed by the similar reduction in stoichiometry observed with a peptide in which glutamates 8, 9, and 10 had all been replaced by alanines. Sequence comparisons of gastrins across eight mammalian species are also consistent with an important role for Glu 7 , Glu 8 , and Glu 9 , because these three residues are strictly conserved with the exception of equine gastrin, which has Lys instead of Glu 7 (33) . In contrast, Glu 10 is unlikely to play a functional role because in four species it is replaced by Ala (33) . The identification of the carboxylate side chain of Glu 7 as one of the ferric ion ligands in the first metal-binding site of gastrin is consistent with previous observations on the binding of ferric ions to other proteins. In the crystal structure of protein serine/ threonine phosphatase-1, the ligands to the bound ferric ion include the carboxyl groups of two aspartates, one of which bridges the two bound metal ions (34) . The surprising observation that the peptide in which all five glutamates had been replaced by alanine (GglyE6 -10A) still bound one ferric ion, albeit with a significantly lower apparent affinity ( Fig. 6D and Table II) , suggests the interesting possibility that the carbonyl oxygens or amide nitrogens of the peptide backbone, rather than the side chain carboxylates, may contribute to the second ferric ion-binding site. A similar suggestion was made previously based on the observation that a modified Nle 15 -Gamide5-17, in which the carboxyl groups of the five consecutive glutamates (Glu 6 -10 ) and of Asp 16 had been protected by t-butyl groups, still retained the ability to bind one calcium ion in trifluoroethanol (4) . A precedent for this suggestion has also been set by the report that two amide nitrogens from the protein backbone of nitrile hydratase act as ferric ion ligands (35) . The other ferric ion ligands may include water molecules and citrate in the case of the NMR experiments, in which iron was added as ferric citrate.
There is now general agreement that both Ggly and Gamide are able to stimulate independently, via different receptors, the proliferation of several different cell lines of gastrointestinal origin (15) (16) (17) . Our results confirmed that both Ggly and Gamide were able to induce a 2-fold increase in proliferation of the gastric epithelial cell line IMGE-5 (19) . In contrast, the previously reported effects of gastrins on cell migration appear to be dependent on the C terminus of the peptide and on the cell type chosen. Thus, De Hauwer et al. (36) have described an inhibition of motility in human glioblastoma cell lines after Gamide treatment, but Varro and co-workers (37) observed that Gamide stimulated basement membrane invasion by a gastric cancer cell line. In the case of Ggly, both Hollande et al. (19) and Kermorgant and Lehy (18) observed increased migration of gastric and colon cancer cell lines, respectively, after treatment with peptide. We have confirmed that Ggly treatment considerably reduced wound size with the gastric epithelial cell line IMGE-5 ( Fig. 7) but that Gamide was inactive in this assay (data not shown).
Comparison of the effects of Ggly fragments and mutants in cell proliferation and migration assays consistently highlighted the importance of Glu 7 in the biological activity of Ggly. The results with Ggly fragments, which indicated that Ggly1-4 and Ggly12-18 were inactive (Fig. 7A) , indicated the importance of the Glu 5 sequence for Ggly-induced gastric cell proliferation.
Comparison of Ggly mutants, in which one or more of the glutamates were replaced by alanine, demonstrated that Glu 7 was essential for proliferation (Fig. 7B) . In contrast, Glu 6 , Glu 8 , Glu 9 , and Glu 10 were not essential for activity, although substitution of one or more of Glu 8 , Glu 9 , and Glu 10 reduced activity by ϳ50%. The effects of Ggly fragments and mutants on cell migration mirrored the effects observed on cell proliferation (Fig. 8) .
At least two models are consistent with the observation that Glu 7 is essential for biological activity. The first model is also based on the NMR (Fig. 5 ) and fluorescence data (Fig. 6 ) presented above, which indicate that Glu 7 is critical for binding the first ferric ion. The model postulates that the Ggly receptor will not bind Ggly in the absence of ferric ions and that binding of the first ferric ion to Glu 7 is necessary for receptor binding to occur. In contrast the second model postulates that Glu 7 interacts directly with the Ggly receptor, with no intervening ferric ion. The complete inhibition by the iron chelator DFO of Gglystimulated cell proliferation and cell migration (Fig. 9) provides strong support for the first model. Taken together, our data are consistent with the hypothesis that ferric ion binding to Glu 7 is essential for biological activity. Presumably, the activity of Ggly in the absence of added ferric ions is dependent on the adventitious binding of ferric ions (248 nM in Dulbecco's modified Eagle's medium) from the medium.
Although there have been many reports describing the binding of metal ions by hormones, a functional role has seldom been demonstrated. In the case of insulin, the insulin hexamer is an allosteric protein capable of undergoing transitions between three conformational states, which differ in thermal stability and protease sensitivity. These transitions are mediated by the coordination to the bound metal ions of anions, which substantially increase insulin stability by acting as heterotropic effectors (38, 39) . A second example of a role for metal ion binding in hormone action is provided by oxytocin. Certain divalent metal ions increase oxytocin binding activity and enhance the sensitivity of the contractile response of the uterus and mammary gland to oxytocin (40) . However, to our knowledge this is the first report of an essential role of a metal ion in the action of a hormone.
The slight but significant stimulation of proliferation and migration by Ggly1-11 ( Fig. 7) was surprising, because this peptide lacked the sequence Trp-Met-Asp-Phe. Many years ago, Tracy and Gregory (41) described the physiological properties of a series of synthetic peptides structurally related to Gamide and showed that only the C-terminal tetrapeptide TrpMet-Asp-Phe-NH 2 was required for a range of physiological effects, although potency increased with chain length. These results have been confirmed in binding experiments with the cloned CCK-B receptor (13, 14) . On the other hand, our results are in agreement with a previous report (42) that both Ggly1-13 (which does not contain the C-terminal tetrapeptide of Ggly) and Ggly6 -18 were biologically active in stimulating H ϩ ,K ϩ -ATPase ␣-subunit gene expression in canine gastric parietal cells and are consistent with the suggestion that both the N and C termini of Ggly contributed to binding to the Ggly receptor. Our results strongly support the contention, originally based on the failure of CCK-2 receptor antagonists to block Ggly activity (15, 16) , that the recognition sequences for the Ggly receptor and the Gamide receptor are quite different.
The partial inhibition of Gamide-stimulated cell proliferation by the iron chelator DFO (Fig. 9B) is not inconsistent with the bioactivity and binding data for Gamide derivatives de-scribed in the previous paragraph. Thus, although the C-terminal tetrapeptide amide was the minimum biologically active fragment, the potency of Gamide fragments increased with increasing chain length (41) . These observations indicated that the Glu 5 sequence contributed to biological activity. Our data with DFO further suggest that the biological importance of the Glu 5 sequence lies in its ability to bind ferric ions (8) and imply that binding of ferric ions to the Glu 5 sequence may contribute to the interaction between Gamide and the CCK-2 receptor.
In conclusion, the structure of Ggly has been determined for the first time. Glu 7 and Glu 8 -Glu 9 have been shown to act as ligands at the first and second ferric ion-binding sites, respectively. Investigation of the activity of Ggly fragments and mutants in cell proliferation and migration assays revealed that Glu 7 is essential for, and one or more of Glu 8 -Glu 9 and Glu 10 contribute to, biological activity. The involvement of the Glu 5 sequence in Ggly activity is in direct contrast to amidated gastrins, the glutamates of which are not necessary for full activity. The observation that the iron chelator desferrioxamine completely blocked the stimulation of cell proliferation and migration by Ggly is consistent with the hypothesis that ferric ion binding is essential for the biological activity of nonamidated gastrins. Recognition of the essential role of ferric ions may assist in the identification of the Ggly receptor and hence in the longer term contribute to the development of Ggly antagonists for blockade of the proliferative effects of Ggly in the normal gastrointestinal tract and in colorectal cancer. More generally, our results suggest the possibility that unsuspected metal ion-binding sites may be present in other hormones and may control their biological activity.
